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Most in vivo studies of granulocytes draw conclusions about their
trafficking based on examination of their steady-state tissue/blood
levels, which result from a combination of tissue homing, survival,
and egress, rather than direct examination of cellular trafficking.
Herein, we developed a unique cell transfer system involving the
adoptive transfer of a genetically labeled, bone-marrow–derived
unique granulocyte population (eosinophils) into an elicited inflam-
matory site, the allergic lung. A dual polychromatic FACS-based
biomarker-labeling system based on the IL4-eGFP transgene
(4get) or Cd45.1 allele was used to track i.v. transferred eosinophils
into the airway following allergen or TH2-associated stimuli in the
lung inmultiplemouse strains. The systemwas amenable to reverse
tagging of recipients, thus allowing transfer of nonlabeled eosino-
phils and competitive tracking of multiple populations of eosino-
phils in vivo. The half-life of eosinophils in the blood was 3 h, and
migration to the lung was dependent upon the dosage of trans-
ferred eosinophils, sensitive to pertussis toxin pretreatment,
peaked at ∼24 h after adoptive transfer, and revealed a greater
than 8-d eosinophil half-life in the lung. Eosinophil migration to
the lung was dependent upon recipient IL-5 and IL-13 receptor α1
and donor eosinophil C-C chemokine receptor type 3 (CCR3) and
interleukin 1 receptor-like 1 (ST2) in vivo. Taken together, this
unique eosinophil transfer system provides an unprecedented
opportunity to examine airway eosinophil migration without
the need for extensive efforts to acquire donor source and time-
consuming genetic crossing and has already been used to identify
a long eosinophil half-life in the allergic lung and a definite role for
ST2 in regulating eosinophil trafficking.
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Eosinophils are a circulating granulocyte population gener-
ated in the bone marrow and found in the blood and the

gastrointestinal (GI) tissues under homeostatic conditions (1,
2). They have been shown to have a multifaceted role in regu-
lating innate and adaptive immunity and host response against
select pathogens (including parasites and viruses) as well as in
eliciting inflammation, adaptive immunity, and tissue remodeling
particularly in allergic disorders such as asthma (3–9). The level
of eosinophilia positively correlates with asthma severity (10–12),
and indeed several eosinophil-directed therapies have now been
shown to improve asthma outcomes, particularly in patients with
eosinophil-dominant allergic lung disease (13, 14).
Most studies of granulocyte trafficking in vivo rely on con-

clusions drawn from examination of granulocyte levels rather than
direct examination of their homing. Whereas tissue eosinophil
levels may partially reflect homing, they are influenced by a com-
bination of factors including tissue influx, survival, and egress.
These factors are particularly important as eosinophils do not
develop in situ but rather migrate into tissues; thus, their ultimate
tissue level is regulated by a balance between survival, cell death,
and tissue egress. Adoptive transfer experiments offer the oppor-
tunity to directly examine eosinophil homing, particularly when
labeled eosinophils are transferred and monitored in the target
organ for a relatively short span of time (typically 24 h). The few
studies that have used adoptively transferred eosinophils in vivo
have been limited by the route of administration (e.g., direct
intratracheal delivery as opposed to a more natural delivery) and

by the use of cells that are derived from in vivo IL-5 overexpression
models and are typically derived from the spleen rather than
a more physiological source (4, 15–17).
Recently, an in vitro system for developing eosinophils from

mouse bone marrow has become an emerging technique to gen-
erate large amounts of high-purity eosinophils (18, 19), bypassing
the time-consuming eosinophil isolation procedure, which also
alters eosinophil viability and introduces artificial alteration of
other cellular properties due to ex vivo handling. Bone-marrow–
derived eosinophils share properties of in vivo isolated eosinophils
in terms ofmorphology (circular nuclei, eosinophilic granules) and
unique surface marker expression [e.g., C-C chemokine receptor
type 3 (CCR3) and sialic acid-binding Ig-like lectin F (Siglec F)]
and are functionally competent as assessed by in vitro chemotaxis
(18, 19). Herein, we aimed to develop a robust eosinophil adoptive
transfer system, i.v. administering in vitro generated, bone-mar-
row–derived eosinophils to mice that were undergoing pulmonary
allergen challenge. Furthermore, in vitro developed eosinophils
offer the opportunity to study the consequences of genetic ma-
nipulation of eosinophils in vivo without the need to develop tis-
sue- and/or cell-type–specific mutant mice. Accordingly, we used
two genetically tagged strains of donor eosinophils, namely IL4-
eGFP reportermice (4get) (20) and theCd45.1 congenicmice (21)
(BALB/c and C57BL/6 backgrounds, respectively) to perform
a series of eosinophil adoptive transfer experiments with bone-
marrow–derived eosinophils to determine the feasibility of in-
vestigating eosinophil airway migration using genetically labeled
donor eosinophils and recipient target tissue.
Wedemonstrated that in amodel of intranasal allergen challenge

cultured eosinophils migrate from the bloodstream to the airway
in a pertussis-toxin–sensitive [i.e., G protein coupled receptors
(GPCR), dependent] and allergen-dependent fashion. Proof-of-
principle studies demonstrated a profound reduction of donor
eosinophils, compared with levels in respective controls, when the
donor eosinophils were transferred into Il13ra1−/− or Il5−/− recipi-
ents, or when Ccr3−/− donors were transferred into recipients. This
approach was also used to determine eosinophil lifespan in vivo;
blood and lung eosinophils had distinct half-lives of 3 h and 8 d,
respectively. Competitive cotransfer ofSt2+/+ andSt2−/− eosinophils
revealed a dominant role for Interleukin 1 receptor-like 1 (Il1rl1/
ST2) in regulating eosinophil responses. This unique eosinophil
adoptive transfer system will be of significant value in revealing the
fundamental mechanisms of airway eosinophil migration in the
context of TH2 airway inflammation.

Results
In Vitro Generation of Robust Amounts of Bone-Marrow–Derived
Eosinophils for Adoptive Transfer into Experimental Asthmatic
Recipients. By light microscopy, the day 14 cultured eosino-
phils have characteristic eosinophilic granules and circular
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polymorphonuclear morphology (Fig. S1A). Likewise, with the
well-established allergen-induced experimental asthma model
(22), the inflamed airway develops extensive eosinophilia, serving
as the recipient’s target organ for donor eosinophil migration. A
representative photomicrograph of an H&E-stained broncho-
alveolar lavage fluid (BALF) cells from allergen-challenged mice
demonstrates the presence of large amounts of eosinophils in the
airway (Fig. S1B); in contrast, eosinophils are absent in the BALF
from saline-challenged mice or from naïve mice (Fig. 1C).
Compared with blood eosinophils, bone-marrow–derived eosi-
nophils share common eosinophil surface expression profiles as
reflected by surface CCR3, Siglec-F, and CD11b expression (Fig.
S1C). To test whether bone-marrow–derived cultured eosino-
phils from 4get mice express robust levels of IL4-eGFP, we
stained cultured eosinophils from 4get mice. 4get eosinophils
express readily detectable level of the IL4-eGFP transgene after

14 d of culture (Fig. S1D). Eosinophil IL-4 expression, assessed
by the FACS imaging, was intracellular (Fig. S1D, Right). Notably,
airway eosinophils from allergen-challenged 4get mice were
universally IL4-eGFP positive (Fig. S1E). In the C57BL/6 back-
ground, the Cd45.1 allele protein product can be readily distin-
guished from the wild-type Cd45.2 allele protein product (Fig.
S1F). Therefore, these two donor eosinophil markers, IL4-eGFP
and CD45.1, provide the foundation to track the eosinophil mi-
gration into target organs in BALB/c and C57BL/6 mice, re-
spectively. Together with an eosinophil gating strategy that yields
>99% purity in asthmatic BALF cells [Fig. S1G, FACS sorted by
Siglec-F+CD11b+CD11c−side scatter (SSC)high], the FACS sys-
tem allows both quantitative and qualitative assessments.

Adoptively Transferred Eosinophils Home to the Airway Following
Allergen Challenge by a Pertussis-Toxin–Inhibited Mechanism and
Are Influenced by Endogenous IL-5. We tested whether the cul-
tured eosinophils introduced i.v. could migrate into the airway
lumen. The schematic strategy for synchronizing the eosinophil
culture and asthmamodel is illustrated in Fig. 1A. BALF cells were
stained with an antibody panel of CD11c, Siglec-F, and CD11b,
plus CD45.1 and CD45.2 for the CD45.1 system, or eGFP for the
4get system, which enabled identification of donor and recipient
eosinophils. This eosinophil antibody panel and associated gating
strategy (Fig. 1B) enabled acquisition of >99% eosinophils in the
airway by morphological analysis of the FACS-sorted eosinophils
(Fig. S1G). Indeed, both the CD45.1 and 4get systems demon-
strated that donor eosinophils migrated into the airway lumen
following allergen challenge but were not detectable in saline-
challenged recipients (Fig. 1 B andC for CD45.1 and 4get systems,
respectively). As an independent approach, FACS imaging of the
antibody-stained BALF cells from experiments using the CD45.1
system verified the surface labeling of donor eosinophils (Fig. 1D).
Of note, after airway migration, eosinophils from the donor and
recipient share comparable expression levels of a panel of specific
surface markers (Fig. S2).
Kinetic analysis with the 4get system revealed that donor

eosinophils first appeared in the blood, turned over rapidly (Fig.
2A), and subsequently accumulated in the lung with a relatively low
turnover rate (Fig. 2B). Kinetic analysis by enumeration of donor
eosinophils in the airway of allergen-challenged mice (sustained
challenge regimenof every other day) revealed that airway eosinophil
levels peaked at 24 h and remained stable for 7 d. The overall donor
eosinophil half-life in the lung was ∼8 d, which contrasts with the
∼3-h half-life of donor eosinophils in the blood. Notably, eosinophil
homing to the lung was proportional to the quantity of donor cell
input (Fig. 2C), whereas the spleen did not sequester significant
numbers of donor eosinophils, as donor eosinophils in the spleen
accounted for 2.5±0.5%and 0.2±0.1% (mean±SD)of initial input
(4.3× 106) at 4-h and24-h points, which is∼8-fold and∼80-fold lower
than the residential spleen eosinophil population, respectively.
To examine whether the donor eosinophil migration was

GPCR dependent, we treated cultured eosinophils with 100 ng/mL
pertussis toxin for 2 h before the transfer. Indeed, the airway mi-
gration of pertussis-toxin–treated eosinophils was abolished (Fig.
2D).Wealso testedwhether the donor eosinophil airwaymigration
was influenced by IL-5, by transferring 4get eosinophils into
allergen-challenged Il5+/+ and Il5−/− recipients. Notably, a 10-
fold reduction in donor eosinophilia was observed in Il5−/− re-
cipient mice (Fig. 2E).

Homing of Donor Eosinophils into the Recipient Airway Is Abolished
in Il13ra1 Knockout Recipients (CD45.1 and 4get Systems). Il13ra1−/−

mice are known to have reduced eosinophilia in the lung following
allergen challenge (23). We therefore used this genetic system as
the standard to demonstrate the experimental utility of the dual
transfer systems and, more importantly, to rule out the possibility
that the observed phenotype in Il13ra1−/− mice was due to
IL-13RA1 expression on eosinophils. To address the effect of
modifying the gene of interest (GOI) on the recipient side, we
transferred CD45.1 and 4get (wild-type Il13ra1+/+) eosinophils

Fig. 1. Identification of donor eosinophils in recipient airway with the dual-
marker FACS system. (A) Schematic illustration of synchronizing the allergen
(Aspergillus) challenge and eosinophil transfer. ASP, Aspergillus; EOS, eo-
sinophil; i.v., Intravanously; BALF, bronchoalveolar lavage fluid; FACS, fluo-
rescence-activated cell sorting. (B) Donor eosinophils (1.5 × 107, CD45.1
allele) were transferred i.v. 6 h after the fifth allergen challenge, and total
BALF cells were harvested for FACS analysis 24 h later. After a serial gating
strategy of SSChigh, Siglec F-CD11b double-positive, CD11c-negative events
ensuring >99% eosinophil purity, CD45.1 donor eosinophils can be readily
discriminated from CD45.2 recipient eosinophils despite sharing other
characteristics. (C) IL4-eGFP-positive donor eosinophils (4get, 1.5 × 107) were
transferred i.v. into the allergen-or saline-challenged BALB/c recipients.
Whereas 4get donor eosinophils can be discriminated from recipient eosino-
phils in the GFP-positive gate after allergen challenge, saline-challenged BALB/c
control mice exhibited no detectable airway eosinophilia. (D) Flow imaging
micrograph showing the extracellular expression patterns of donor (CD45.1)
and recipient (CD45.2) eosinophils from the BALF. All data are representative of
at least three experiments.
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into allergen-challenged Il13ra1+/+ and Il13ra1−/− mice in both
the C57BL/6 and BALB/c backgrounds, respectively. Animals
were killed 24 h after the donor eosinophil transfer. Notably,
airway eosinophilia specific to the CD45.1 donor eosinophils was
abolished in Il13ra1-deficient mice compared with wild-type
control mice (Fig. 3A). Performing these same experiments with
the 4get transfer system (BALB/c strain), we observed a profound
reduction of eosinophil homing into the lung in Il13ra1-deficient
mice following i.v. transfer of 4get donor eosinophils (Fig. 3B).
Therefore, the dependence of allergen-induced airway eosino-
philia on lung tissue IL-13RA1 was confirmed in both the C57BL/
6 and BALB/c congenic backgrounds. Similarly, the dual-transfer
system with CD45.1 and 4get, respectively, was validated.

Eosinophil Adoptive Transfer with Reverse Genetic Tagging and
Eosinophil Lineage Deficient (ΔdblGATA-1) Recipients. When assess-
ing an eosinophil GOI for its role in airway migration, nontagged
GOI+/+ and GOI−/− eosinophils, instead of labeled eosinophils,
can be transferred into recipient mice that bear a genetic tag. This
reverse approach has the advantage that genetically engineered
eosinophils could be directly studied without the need to develop
double-engineeredmice. Accordingly, we usedCcr3+/+ andCcr3−/−

mice as a source of donor eosinophils, and 4get mice as a recipi-
ent strain. As shown by the negative/donor gate below the
major eGFP signal group, CCR3 disruption attenuated the airway
donor eosinophil migration (Fig. 3C). Thus, it should be feasible to
study eosinophil migration with unlabeled donor and labeled re-
cipient eosinophils. These results broaden the applications of the
transfer systems in that the GOI originated from both the donors
and recipients can be assayed for alterations in eosinophilmigration.
When studying eosinophil homing, involvement of host eosi-

nophils may not be desired. Accordingly, we studied the feasibility
of transferring Ccr3+/+ and Ccr3−/− eosinophils into an eosinophil
lineage deficient (ΔdblGATA-1) mice (24). In the first approach,
we transferred 4get eosinophils into the circulation of allergen-
challenged ΔdblGATA-1 mice. Twenty-four hours later, BALF
cells were evaluated for donor eosinophil levels. Notably, under
these conditions, donor eosinophils were the predominant eosin-
ophil population (representing >90% of the airway eosinophils,
Fig. S3) in contrast to the wild-type recipients (representing 2–4%
of the airway eosinophils, Fig. 1 B and C). Accordingly, we next
transferred nontagged Ccr3+/+ and Ccr3−/− donor eosinophils into
allergen-challenged ΔdblGATA-1 mice. Notably, the recipients
receivingCcr3+/+ donor eosinophils exhibited a pronounced donor
eosinophilia in the allergic airway, whereas eosinophils were barely
detected in the mice that received Ccr3−/− cells (Fig. 3D).

Competitive Transfer System to Simultaneously Assess the Homing
Capacity of Two Distinct Populations of Eosinophils. When in-
vestigating the role of a GOI in eosinophils, concurrently moni-
toring airway migration of two donor populations (GOI+/+ and

GOI−/−) would be advantageous, as experimental variability would
be internally controlled in each mouse. The leukocytes from the
CD45.1–CD45.2 heterozygous mice have one copy of each allele
(double positive), providing the opportunity to track the homing of
CD45.1 and CD45.2 single-positive donor eosinophils by FACS.
Herein, we evaluated the feasibility of simultaneously transferring
an equal dose of CD45.1 and CD45.2 donor eosinophils into the
circulation andmonitoring their airway homing activity as driven by
the intranasal administration of eotaxin-1 (4 μg) and IL-5 (1 μg). By
the FACS gating indicated, the two single-positive donor eosinophil
populations, as well as the double-positive recipient eosinophils, are
readily distinguishable on theCD45.1/CD45.2double plots (Fig. 4A
and B). To demonstrate that this cotransfer system is able to reflect
the differential homing capacities of the two populations of donor
eosinophils, we used a series of five suboptimal doses of pertussis
toxin (PTX) of different combinations in 1:1 ratios (1.1 × 107 cells
each): (i) CD45.2 untreated + CD45.1 treated with PTX (50 ng/
mL); (ii) CD45.2 untreated +CD45.1 treated with PTX (5 ng/mL);
(iii) CD45.1 untreated+CD45.2 untreated; (iv) CD45.1 untreated+
CD45.2 treated with PTX (5 ng/mL); and (v) CD45.1 untreated +
CD45.2 treated with PTX (50 ng/mL). FACS quantification of the
two donor eosinophil populations in the five treatment groups in-
dicated that the decrease in PTX-pretreated donor eosinophil
homing as assessed by the ratio of the two donor eosinophil levels
(media vs. PTX)was linearly correlated with the PTXdoses (Fig. 4B
and C, negative value endowed to the CD45.1 eosinophil quantities
and quotients to establish the linear regression model).
With this competitive transfer system, we next analyzed the air-

way migration of St2−/− bone-marrow–derived eosinophils; St2−/−

mice have diminished allergen-induced eosinophilia, but it has not
been determined whether this effect is directly mediated through
eosinophils. Following bone marrow culture, St2−/− eosinophils
developed normal morphology (Fig. 4D), comparable expression
on a panel of specific markers (Fig. S4), adhesion molecules (Fig.
S5), and similar adhesion to mouse endothelial cells in vitro (Fig.
S6) before the transfer. Importantly, in vitro analysis of eosinophil
migration did not reveal a migration difference between St2+/+ and
St2−/− eosinophils following an escalating dose series of eotaxin-1
(Fig. 4E), as well as eotaxin-2 (Fig. S7), indicating an intact CCR3
axis. Notably, competitive transfer of St2+/+ and St2−/− eosinophils
revealed a marked 3.4-fold attenuation of St2−/− eosinophil hom-
ing to the allergen-challenged lung (n = 8; Fig. 4F) compared with
St2+/+ eosinophils. We next tested whether this deficit could be
due to reduced survival of St2−/− eosinophils before reaching the
airway. Indeed, under IL-5 deprivation conditions (in PBS) in vitro,
a ∼2-fold higher death rate was observed in St2−/− eosinophils at
multiple time points (Fig. 4G). Furthermore, we cotransferred an
equal number of St2+/+ and St2−/− eosinophils to naïve recipients
and examined the presence of both eosinophil genotypes in the
blood after 4 and 24 h. A dominance of St2+/+ eosinophils was
observed at both time points (Fig. 4H).

Fig. 2. Kinetic analysis of donor eosinophils in the re-
cipient circulation and airway. Donor 4get eosinophils
(EOS, 6.5 × 106 i.v. input) were kinetically monitored in
the blood (A) and BALF (B) of allergen-challenged
recipients following theSSChigh, Siglec F+CD11b+CD11c−

gating strategy by FACS over the indicated time period
with the allergen challenge administrated every other
day. (C) The linear relationship between i.v. donor eo-
sinophil input and airway donor eosinophil recovery as
illustrated with the 4get system by FACS. (D) 4get eosi-
nophils (1.3 × 107) were pretreated with media or per-
tussis toxin (PTX, 100 ng/mL) for 2 h before the i.v.
transfer, and airway donor eosinophil migration was
tracked by FACS. Levels of donor eosinophils in the
airway with or without PTX pretreatment. (E) 4get
donor eosinophils were transferred into allergen-
challenged Il5+/+ and −/− recipient mice and the num-
ber of airway donor eosinophils were enumerated
(mean ± SEM, ***P < 0.001, two-tailed Student t test).
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Discussion
Systems that allow adoptive transfer of leukocyte populations
(e.g., lymphocytes and mast cells) have been critical for experi-
mental analysis, but are not readily available for terminally dif-
ferentiated cells such as granulocytes. Herein, we report a unique
system that allows in vitro generated bone-marrow–derived
eosinophils to be studied by adoptive transfer. The experimental
system demonstrates that eosinophil airway migration is GPCR
dependent, allergen induced, directly dependent on donor eo-
sinophil input, and sensitive to recipient IL-13RA1 and IL-5 and
donor eosinophil CCR3 and ST2 expression. The eosinophil
transfer system introduced has unique merits and provides an
opportunity to answer questions that have been difficult to ex-
plore via previously available approaches in the asthma/eosino-
phil field. For example, we have used this system to demonstrate
a direct and key role for eosinophil ST2 in regulating eosinophil
responses in vivo.
Notably, prior eosinophil studies did not distinguish donor and

recipient eosinophils, with the only exception being the studies
that addressed peritoneal homing under homestatic conditions

using the 4get marker (16). We now report a scenario wherein
adoptive transfer is able to answer questions that standard
genetic models alone cannot readily answer. Using classic
approaches, it would be arbitrary to attribute certain pheno-
types to the expression of GOI on either eosinophils or migration
target tissue without a comprehensive understanding of expression
topology or efforts to make tissue-specific conditional knockout
mice. In this study, we used Il13ra1−/− mice from two genetic
backgrounds (BALB/c and C57BL/6) to demonstrate that the
phenotype of abolished airway eosinophilia in Il13ra1−/− mice is
observed across two mouse strains. The Il13ra1−/− recipient mice
results demonstrate that the previously observed airway eosinophil
migration deficit (23) was primarily due to the IL-13RA1 receptor
expressed on recipient cells (likely respiratory epithelium) rather
than to IL-13RA1 expressed on the eosinophils themselves (25, 26)
or to an altered eosinophil developmental property driven by IL-
13RA1. These findings not only confirm the Il13ra1−/− recipient
phenotype but also substantiate the utility of these systems in that
eosinophil migration phenotype detection can be readily per-
formed using these two common genetic backgrounds in the al-
lergy/eosinophil field, namely BALB/c and C57BL/6.
To demonstrate that our transfer system is also capable of

detecting a phenotypic difference from a donor perspective, we
used Ccr3−/− donor eosinophils (27) in conjunction with airway
allergen-challenged 4get recipients to model the expected donor
eosinophil migration deficit due to the disrupted eotaxin/CCR3
system. With nearly all of the eosinophils in allergen-challenged
airway being IL4-GFP positive, we used the GFP-negative win-
dow (after eosinophil gating) to observe the migration of Ccr3+/+

and Ccr3−/− donor eosinophils without any labeling, observing
the expected deficit in migration of Ccr3−/− donor eosinophils.
This “reverse-transfer” approach, transferring unlabeled donor
eosinophils into labeled recipients, can be applied to other GOIs
to address their contributions to eosinophil migration without
anatomical confounders of the target tissue.
Kinetic studies indicated that donor eosinophils had a much

longer half-life in the recipient airway compared with the cir-
culation (8 d vs. 3 h). This vast difference is likely due to the
presence of eosinophil-promoting cytokines in the local lung
environment, primarily IL-5. Even with the experimental asthma
model, the distribution of IL-5 is biased toward the target tissue
due to the fact that the cytokine-producing T helper cells are
concentrated in the pathological site. Considering that there
are a number of human diseases with eosinophilia as a primary
characteristic and/or leading cause of pathogenesis (28), the
system introduced here can also serve as a valuable tool to
assess eosinophil half-life in multiple tissue types without the
interference of concurrent eosinophilopoeisis in the recipient
bone marrow.
We have also successfully demonstrated the feasibility of

cotransferring two donor eosinophil populations and studying their
respective airway homing capacities. Because the comparison pa-
rameter is a ratio of the two populations after airway migration, one
of the major advantages of this design is that the two donor pop-
ulations are mutually controlled for common variables in experi-
mental asthma induction; this experimental design results in higher
tolerance to experimental errors and hence higher experimental
resolution. The demonstrated linearity of this model will allow
assaying mild migration difference between wild-type (CD45.1) and
mutant (CD45.2) eosinophils in the C57BL/6 background. Although
we barely detect any phenotypic difference between the donor and
recipient native eosinophils, such as migration and surface marker
expression, a functional difference cannot be ruled out. Thepotential
difference should not affect the experimental goals herein.
It is well recognized that the gene and protein expression levels

of components of the IL-33/ST2 axis strongly correlate with both
human and mouse asthmatic onset (29–31); however, despite
well-documented ST2 expression on eosinophils (32), it is not
known how ST2 regulates eosinophil migration and pulmonary
homing per se. In the presence of IL-5, we did not observe
a pronounced developmental defect in St2−/− eosinophils in vitro

Fig. 3. Validation of the dual system with Il13ra1 and Ccr3 gene-targeted
mice. (A) CD45.1 donor eosinophils (1.5 × 107) were i.v. transferred into al-
lergen-challenged Il13ra1+/+ and −/− recipients of the C57BL/6 congenic
background, and donor eosoinophil events in the BALF were identified by
the above-mentioned gating strategy and quantified by FACS analysis.
Representative FACS plots and quantification are shown (***P < 0.001, two-
way ANOVA on genotype factor). (B) In the BALB/c congenic background,
4get donor eosinophils (7.5 × 106) were i.v. transferred into allergen-chal-
lenged Il13ra1+/+ and −/− recipients, and donor eosinophil events in the BALF
were quantified by FACS analysis. (*P < 0.05, two-tailed Student t test) (C)
Ccr3+/+ and −/− nonmarked eosinophils (1.8 × 107 cells) were i.v. transferred
into allergen-challenged 4get recipients. Donor eosinophils are identified
from IL4-eGFP-negative gate among the total airway eosinophils. (D) Ccr3+/+

and −/− nonmarked eosinophils (2.0 × 107) were transferred into allergen-
challenged ΔdblGATA-1 mice. Following the eosinophil gating strategy,
donor eosinophils can be readily quantified without interference of re-
cipient/native eosinophils. (*P < 0.05, ***P < 0.001, two-tailed Student t test)
All data are shown as mean ± SEM.
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in terms of multiple eotaxin-driven migration or eosinophil-
specific marker expression; nonetheless, we hypothesized that
a survival difference driven by ST2 may reveal unique regulation
specifically on eosinophils, rendering the St2−/− eosinophils quan-
titatively less competitive. The optimized competitive eosinophil
transfer model introduced herein substantiated this suspected
deficit as well as the utility of this approach. Indeed, we dem-
onstrated the prosurvival function of ST2 on eosinophils both in
vitro and in vivo, which may explain the airway migration phe-
notype, at least in part. We believe that this finding is a unique
observation with respect to the role of ST2 on eosinophils and
that this experiment exemplifies the merit of the transfer system
in elucidating fine cellular mechanisms without extensive genetic
engineering and crossing.
Collectively, we have established a unique, bone-marrow–

derived eosinophil adoptive transfer system well suited to
study the molecular mechanisms of eosinophil airway homing
as a comprehensive function of eosinophil adhesion, chemotaxis,
and survival (for summary and applications of the approaches
performed herein, see Table 1). Compared with the existing

eosinophil transfer models (4, 15–17), the strengths of this
unique system include: (i) a readily available eosinophil source
with high viability and quantity; (ii) the requirement for rela-
tively small amounts of eosinophils to get a satisfactory window
of detection; (iii) the capability of addressing both donor- and/or
recipient-expressed genes without further crossing or chemical
labeling; (iv) the utility of the dual detecting systems, enabling
phenotyping studies to be performed in two common strains of
mice, C57BL/6 and BALB/c; and (v) the ability to monitor air-
way migration of two populations of donor eosinophils simulta-
neously. Although the described system is currently focused on
the asthmatic response, future studies will be directed toward
other anatomical/pathological conditions, such as dextran sulfate
sodium (DSS)-induced colitis and atopic dermatitis. The unique
transfer system introduced herein has potential to facilitate fu-
ture research in TH2-biased inflammation and basic eosinophil
biology, allowing a more comprehensive understanding of the
synchronized interaction of multiple eosinophil migration factors
in the targeted tissues.

Fig. 4. Competitive cotransfer model. (A) Equal dose of
CD45.1 and CD45.2 D14 eosinophils were i.v. transferred into
CD45.1–CD45.2 heterozygous mice that received an intranasal
bolus of 4 μg eotaxin-1 and 1 μg IL-5 immediately before the
transfer. After 24 h, BALF cells were stained and subjected to
FACS. Eosinophils were gated sequentially for the presence of
CD45.1-postive (donor 1), CD45.2-positive (donor 2), and
double-positive (recipient) eosinophils. (B) Five different reg-
imens were used to assess the linearity between suboptimal
PTX treatment and airway migration as labeled: (1) CD45.2
untreated + CD45.1 treated with PTX (50 ng/mL); (2) CD45.2
untreated + CD45.1 treated with PTX (5 ng/mL); (3) CD45.1
untreated + CD45.2 untreated; (4) CD45.1 untreated + CD45.2
treated with PTX (5 ng/mL); and (5) CD45.1 untreated +
CD45.2 treated with PTX (50 ng/mL). (C) The quotients of
CD45.1/CD45.2 eosinophils airway percentages for naïve and
treated donor eosinophils were used to set up the linear re-
gression with PTX dosage. The quotient and dose related to
CD45.1 treatment were assigned to negative values to es-
tablish a linear regression model. (D) Representative micro-
graph depicting the morphology of St2+/+ and −/− bone-
marrow–derived eosinophils H&E stained before transfer. (E)
Bone-marrow–derived St2+/+ and −/− eosinophils were sub-
jected to in vitro transwell migration assay in the presence of
IL-5, driven by escalating eotaxin-1 doses. (F) St2+/+ (CD45.1)
and St2−/− (CD45.2) eosinophils were i.v. transferred into aller-
gen-challenged CD45.1–CD45.2 heterozygous mice. Repre-
sentative CD45.1–CD45.2 double plot of gated airway eosino-
phils reveals three major populations: the double-positive
recipient eosinophils and the two single-positive donor eosi-
nophils from distinct genotypes. Compared with St2−/− donors
(normalizer), St2+/+ donors were present at 3.4 ± 0.1-fold
(mean ± SEM) higher levels. Right: bar chart of St2+/+ vs. −/−

migration percentage ratio derived from normalization to the
median of St2−/− donor. (***P < 0.001); experiments were
repeated three times independently with similar results. (G)
St2+/+ and St2−/− eosinophils were washed, resuspended in
PBS, and labeled with viability dye for a IL-5 deprivation assay
in vitro. Death rates were quantified by FACS and represen-
tative plots are shown at 6 h. (***P < 0.001, representative
of four experiments shown) (H) Equal amount of St2+/+ and
St2−/− eosinophils were i.v. transferred into naïve nonallergen-
challenged mice to assess survival in vivo, and the two donor
eosinophil populations in the blood were measured by FACS.
The ratio of St2+/+ and St2−/− eosinophil percentages (% of
total eosinophils) to the median of St2−/− eosinophil percen-
tages was graphed, with the representative FACS plots shown.
(***P < 0.001, representative of two experiments shown). For
survival studies measured at different time points across gen-
otypes, two-way ANOVA was used to evaluate the overall
genotype significance.
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Materials and Methods
Mice. C57BL/6J wild-type (CD45.2) micewere obtained from Charles River, and
BALB/c micewere obtained from Taconic Farms. The initial breeders of BALB/c
IL4-eGFP transgenic (4get) (20) and C57BL/6 CD45.1 mice (21) were obtained
from Yui-Hsi Wang and Simon Hogan (Cincinnati Children’s Hospital Medical
Center, Cincinnati), respectively, and are commercially available from mul-
tiple vendors including Jackson Laboratory and Charles River on multiple
backgrounds. St2−/− mice are a generous gift obtained from Andrew
McKenzie’s laboratory (Cambridge University, Cambridge, United Kingdom).
Experimental animals were housed in specific pathogen-free conditions at
Cincinnati Children’s Hospital Medical Center under Institutional Animal
Care and Use Committee-approved protocols.

Induction of Experimental Asthma in Synchronization with Eosinophil Adoptive
Transfer. Allergic lung inflammation was established with intranasal chal-
lenges of Aspergillus fumigatus in BALB/c and C57BL/6 mice (22). Briefly,
a total of five intranasal challenges with Aspergillus extract (Greer) dissolved
in 70 μL of sterile saline were administered on an every-other-day regimen at
the dose of 100 μg total protein (BCA assay, Pierce; 23225). The eosinophil

culture and asthma induction were synchronized so that the fifth Aspergillus
challenge was performed on day 14 of the eosinophil culture. Six hours after
the fifth Aspergillus challenge, a bolus of cultured eosinophils was trans-
ferred i.v. in PBS by tail vein injection. After 24 h of incubation, animals were
subsequently euthanized with CO2, and BALF was collected by lavage for
polychromatic FACS analysis.

Statistical Analysis. Statistical significance was analyzed using a two-tailed
Student t test in all instances unless noted otherwise in the figure legends.
Numerical data were graphed as mean ± SEM. Linear regression was estab-
lished with the Pearson method.
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Table 1. Summary of different variations of eosinophil adoptive transfer

System Stimuli Background* Donor Recipient
GOI

assessment Advantage

4get (IL4-eGFP) Allergen† BALB/c, 129 4get GOI+/+ and −/− Target tissue Automatic tagging
Reverse 4get Allergen BALB/c, 129 GOI+/+ and −/− 4get Eosinophil Automatic tagging
ΔdblGATA1 Allergen BALB/c, 129,

C57BL/6
GOI+/+ and −/− ΔdblGATA-1 Eosinophil Ablation of recipient

eosinophils
CD45.1/CD45.2 Allergen C57BL/6 CD45.2 or CD45.1 CD45.1 or

CD45.2
Target tissue or Eosinophil Donor/recipient

interchangability
Competitive Allergen C57BL/6 CD45.2(−/−) and

CD45.1(+/+)
CD45.1–CD45.2+/− Eosinophil Concurrent mutual

control
Intranasal

chemokine
Eotaxin-1/IL-5 Any Any Any Eosinophil “In vivo Transwell”

simple setup

*Or any additional strains, in which the 4get and CD45.1 allele congenic mice are available.
†Aspergillus fumigatus
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